As a country that is poor in petroleum yet rich in coal, it is significant for China to develop direct coal liquefaction (DCL) technology to relieve the pressure from petroleum shortages to guarantee national energy security. To improve the efficiency of the direct coal liquefaction process, scientists and researchers have made great contributions to studying and developing highly efficient hydrogen donor (H-donor) solvents. Nevertheless, the details of hydrogen donation and the transfer pathways of H-donor solvents are still unclear. The present work examined hydrogen donation and transfer pathways using a model H-donor solvent, tetralin, by density functional theory (DFT) calculation. The reaction condition and state of the solvent (gas or liquid) were considered, and the specific elementary reaction routes for hydrogen donation and transfer were calculated. In the DCL process, the dominant hydrogen donation mechanism was the concerted mechanism.
Introduction
Direct coal liquefaction (DCL) transforms solid coal to liquid fuels and chemicals, which is a clean and efficient technology for coal utilization [1] . As China is poor in petroleum yet rich in coal, it is vital to develop direct coal liquefaction to relieve the pressure from petroleum shortages, which would help guarantee national energy security and the rapid development of the national economy [2] .
Coal (H/C atomic ratio ≈ 0.8) is converted to liquid fuels (H/C atomic ratio ≈ 2) by adding external hydrogen atoms to free radicals derived from coal pyrolysis during the DCL process [3] . Hence, it is very important to provide sufficient hydrogen atoms to stabilize fragments for producing more liquid fuels and inhibiting coke formation in the DCL process [4] . There are two kinds of main hydrogen atom sources in DCL: hydrogen gas and hydrogen donor (H-donor) solvents [5] [6] [7] .
Generally, hydrogen gas is supposed to be the main hydrogen atom source in DCL [8, 9] . In order to produce more liquid fuels, DCL processes traditionally operate at high hydrogen partial pressure (≥20 MPa). Under such a severe reaction condition, traditional DCL faces many challenges, such as pressure (≥20 MPa). Under such a severe reaction condition, traditional DCL faces many challenges, such as facilities manufacturing, safe operating conditions, and operating cost [10] . Consequently, there is interest in decreasing the reaction pressure for the DCL process. However, the hydrogen donating ability of hydrogen gas would be decreased along with the decrease of hydrogen pressure.
To reduce this unfavorable effect, improving the hydrogen donating ability of H-donor solvents has attracted much attention. The significance of H-donor solvents for the DCL process was first realized in the 1920s [11] . Since then, scientists and researchers have made great contributions to studying and developing highly efficient H-donor solvents.
The role of H-donor solvents can be summarized as follows [12] [13] [14] [15] : (1) to be used as a coal transport carrier which is convenient for coal slurry pipeline transport and heat transfer; (2) to disperse and dissolve coal particles and free radicals during the DCL process; (3) to dissolve hydrogen gas and keep the hydrogen concentration in the solvent for coal hydrogenation; and (4) to donate or transfer hydrogen atoms to coal radicals to produce liquid fuels. Compared to the fourth role of H-donor solvents, the first three roles are relatively easy to understand. The intrinsic mechanism of the fourth role-the reaction pathways of donating and transferring hydrogen atoms to free radicals-is still ambiguous. So far, two hydrogen donation mechanisms are broadly reported.
McMillen [16] [17] [18] claimed that H-donor solvents could promote the fracture of covalent bonds in the coal structure. H-donor solvents react with coal molecules, as displayed in Figure 1 [19] . However, this mechanism is still controversial. According to their experiments of model reactions, other researchers believe that the promotion effect of H-donor solvents can be completely neglected [20] . Most scientists argue that H-donor solvents react with free radicals derived from coal pyrolysis rather than coal molecules. This mechanism can be subdivided into two categories. The first is a stepwise mechanism, in which the hydrogen atoms of the H-donor are abstracted by external heat, forming hydrogen radicals, then reacting with free radicals produced from coal pyrolysis [21, 22] . The other is a concerted mechanism, which suggests that free radicals react with the H-donor solvent, first forming a transition state, and then hydrogen atoms of the H-donor solvent are transferred to free radicals [23] .
So far, it is hard to analyze and characterize the real reactants and products of DCL, which has made it difficult to study this mechanism. Although many model compounds have been chosen to experimentally study the hydrogen donation pathways of H-donor solvents [24] [25] [26] , the exact reaction routes are still debated. Density functional theory (DFT) provides a promising method to study the mechanism of this complex reaction [27] .
Hou et al., using model compounds, compared the stepwise and concerted mechanisms and concluded that the concerted mechanism is more favorable than the stepwise mechanism [28] . However, they did not provide the detailed hydrogen donation pathways for model compounds of H-donor solvents and did not consider the reaction condition.
The present work studied the hydrogen donation pathways using a model compound, tetralin, by DFT calculation. The reaction condition and state of solvent (gas or liquid) were considered. In this paper, the dominant mechanism between the stepwise and concerted mechanisms for tetralin pressure (≥20 MPa). Under such a severe reaction condition, traditional DCL faces many challenges, such as facilities manufacturing, safe operating conditions, and operating cost [10] . Consequently, there is interest in decreasing the reaction pressure for the DCL process. However, the hydrogen donating ability of hydrogen gas would be decreased along with the decrease of hydrogen pressure.
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The present work studied the hydrogen donation pathways using a model compound, tetralin, by DFT calculation. The reaction condition and state of solvent (gas or liquid) were considered. In this paper, the dominant mechanism between the stepwise and concerted mechanisms for tetralin as an H-donor solvent was identified. Further, the specific donation and transfer pathways were concluded for the dominant mechanism.
Results
Real industrial solvents are mixtures that consist of many substances (e.g., cyclic olefins, hydroaromatics, aromatics, cycloalkanes, etc.) [29] . Hence, scientists select model compounds, such as 4,5-dihydropyrene, 9,10-dihydroanthracene, 9,10-dihydrophenanthrene, or tetralin, to study the hydrogen donation mechanism of H-donor solvents [23, 28, 30] . Among these candidates, tetralin is the most popular due to its low cost, simple structure, and high performance.
In this study, tetralin was selected as the model compound to study hydrogen donation and transfer pathways. To clearly understand and describe the hydrogen donation pathways of tetralin, the 10 carbon atoms of tetralin are labeled as C 1 -C 10 (see Figure 2) .
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In this study, tetralin was selected as the model compound to study hydrogen donation and transfer pathways. To clearly understand and describe the hydrogen donation pathways of tetralin, the 10 carbon atoms of tetralin are labeled as C1-C10 (see Figure 2) . 
Stepwise Mechanism
For the stepwise mechanism, the C−H bond of the H-donor solvent fractures by thermal cracking, forming intermediates (Sol + H). Then, the hydrogen radical (H) reacts with the coal radical (R), forming product (R−H), as mentioned before. In this case, the reaction barrier is effectively equal to the C-H bond dissociation energy (BDE) of the H-donor solvent.
It is believed that C1-H of tetralin would be donated first during the DCL process [28] . To better understand the stepwise mechanism, the influence of temperature and pressure on the BDE of the C1-H bond of tetralin, which has the highest possibility of donating a hydrogen atom, was further researched. As shown in Figure 3 , pressure had little effect on the C1-H BDE of tetralin, whereas the temperature had a significant impact on the C1-H BDE of tetralin. The C1-H BDE decreased from 305 kJ/mol at 298 K to 245 kJ/mol at 723 K, which suggests that the possibility of donating a hydrogen atom to coal radicals increases as the temperature increases.
Under the DCL reaction condition at about 380-450 °C, the possibility of donating a hydrogen atom from tetralin is very high. In order to understand the donation sequence of this H-donor solvent during the DCL process, the other BDEs of tetralin were also calculated. Although the majority of H-donor solvents exist in the liquid state under real reaction conditions (~20 MPa), there are still some H-donor solvents that exist in the gas state in the reactor. In view of this possibility, the BDE of tetralin in gas and liquid states were both calculated, as shown in Table 1 . Comparatively, there are few differences for BDEs of tetralin between the gas and liquid states. Therefore, the existing state of the H-donor solvent would not affect its performance. As displayed in Table 1 , the BDE of the C1-C2 bond of tetralin was the smallest (266.7 kJ/mol), followed by the C1-H bond of tetralin (304.3 kJ/mol). 
For the stepwise mechanism, the C−H bond of the H-donor solvent fractures by thermal cracking, forming intermediates (Sol• + H•). Then, the hydrogen radical (H•) reacts with the coal radical (R•), forming product (R−H), as mentioned before. In this case, the reaction barrier is effectively equal to the C-H bond dissociation energy (BDE) of the H-donor solvent.
It is believed that C 1 -H of tetralin would be donated first during the DCL process [28] . To better understand the stepwise mechanism, the influence of temperature and pressure on the BDE of the C 1 -H bond of tetralin, which has the highest possibility of donating a hydrogen atom, was further researched. As shown in Figure 3 , pressure had little effect on the C 1 -H BDE of tetralin, whereas the temperature had a significant impact on the C 1 -H BDE of tetralin. The C 1 -H BDE decreased from 305 kJ/mol at 298 K to 245 kJ/mol at 723 K, which suggests that the possibility of donating a hydrogen atom to coal radicals increases as the temperature increases.
Under the DCL reaction condition at about 380-450 • C, the possibility of donating a hydrogen atom from tetralin is very high. In order to understand the donation sequence of this H-donor solvent during the DCL process, the other BDEs of tetralin were also calculated. Although the majority of H-donor solvents exist in the liquid state under real reaction conditions (~20 MPa), there are still some H-donor solvents that exist in the gas state in the reactor. In view of this possibility, the BDE of tetralin in gas and liquid states were both calculated, as shown in Table 1 . Comparatively, there are few differences for BDEs of tetralin between the gas and liquid states. Therefore, the existing state of the H-donor solvent would not affect its performance. As displayed in Table 1 , the BDE of the C 1 -C 2 bond of tetralin was the smallest (266.7 kJ/mol), followed by the C 1 -H bond of tetralin (304.3 kJ/mol).
Scientists have researched the relationship between pyrolysis temperature and BDE, which is displayed in Table 2 [31] . According to Table 2 , the covalent bonds of tetralin with BDEs between 210 and 320 kJ/mol have the possibility of being thermally cracked under the reaction temperature (about 380-450 • C). If the carbon skeleton of tetralin is not destroyed under the reaction temperature, C 1 -H (304.3 kJ/mol) has the highest possibility of donating its hydrogen atom via the stepwise mechanism. Keeping the structure intact is very important for an H-donor solvent under the DCL reaction temperature. Consequently, considerable efforts have been made to moderate the reaction conditions by decreasing the temperature and pressure. Scientists have researched the relationship between pyrolysis temperature and BDE, which is displayed in Table 2 [31] . According to Table 2 , the covalent bonds of tetralin with BDEs between 210 and 320 kJ/mol have the possibility of being thermally cracked under the reaction temperature (about 380-450 °C). If the carbon skeleton of tetralin is not destroyed under the reaction temperature, C1-H (304.3 kJ/mol) has the highest possibility of donating its hydrogen atom via the stepwise mechanism. Keeping the structure intact is very important for an H-donor solvent under the DCL reaction temperature. Consequently, considerable efforts have been made to moderate the reaction conditions by decreasing the temperature and pressure. In general, temperature has a significant effect on the BDE of tetralin, while the pressure and existing state of the H-donor solvent would not affect its BDE. C1-H of tetralin would be donated first during the DCL process via the stepwise mechanism. The possibility of donating a hydrogen atom from tetralin to radicals increases as the temperature increases.
Concerted Mechanisms
Comparatively, if the reaction proceeds in a concerted manner, the H-donor solvent breaks its C−H bond through a transition state assisted by coal radicals. In this section, for studying the concerted mechanisms, two model radicals, methyl and benzyl, were chosen to represent the free radicals that derived from coal pyrolysis. The methyl radical represents the gas products and benzyl represents the liquid products.
The energy barrier of radicals reacted with tetralin, as displayed in Figure 4 . The barriers of reaction for methyl radicals with hydrogen atoms of tetralin are ranked in the following order-C7- In general, temperature has a significant effect on the BDE of tetralin, while the pressure and existing state of the H-donor solvent would not affect its BDE. C 1 -H of tetralin would be donated first during the DCL process via the stepwise mechanism. The possibility of donating a hydrogen atom from tetralin to radicals increases as the temperature increases. 
The energy barrier of radicals reacted with tetralin, as displayed in Figure 4 . The barriers of reaction for methyl radicals with hydrogen atoms of tetralin are ranked in the following order-C 7 -H > C 8 -H > C 2 -H > C 1 -H-while the benzyl radicals are ranked in this order-C 8 -H > C 7 -H > C 2 -H > C 1 -H. The reason for the different sequence of C 7 -H and C 8 -H for different radicals is the steric hindrance. For C 1 -H and C 2 -H, the reaction barriers of methyl with tetralin were lower than that of benzyl, and the reaction energies of methyl with tetralin were larger than that of benzyl, indicating that small radicals were prone to be stabilized by a hydrogen atom donated from tetralin via the concerted mechanism both kinetically and thermodynamically. H > C8-H > C2-H > C1-H-while the benzyl radicals are ranked in this order-C8-H > C7-H > C2-H > C1-H. The reason for the different sequence of C7-H and C8-H for different radicals is the steric hindrance. For C1-H and C2-H, the reaction barriers of methyl with tetralin were lower than that of benzyl, and the reaction energies of methyl with tetralin were larger than that of benzyl, indicating that small radicals were prone to be stabilized by a hydrogen atom donated from tetralin via the concerted mechanism both kinetically and thermodynamically. The comparison of two mechanisms is shown in Figure 5 and indicates that the concerted mechanism was favorable. This result agrees with the conclusion of the work reported by Hot et al. [28] . Comparatively, the calculated BDE of C1-H (α-H) was smaller than that calculated by Hou et al. The comparison of two mechanisms is shown in Figure 5 and indicates that the concerted mechanism was favorable. This result agrees with the conclusion of the work reported by Hot et al. [28] . Comparatively, the calculated BDE of C 1 -H (α-H) was smaller than that calculated by Hou et al. (250.5 vs. 357.3 kJ/mol), while the calculated reaction barrier of C 1 -H with benzyl was bigger than that calculated by Hou et al. (111.3 vs. 62.8 kJ/mol). The reason for this difference is that our calculation considered the reaction condition and solvent effect, while Hot et al. only made calculations under standard conditions. This result indicates that if the carbon skeleton of tetralin were not destroyed under the reaction temperature, although the concerted mechanism is dominant, the possibility of the stepwise mechanism increases as the temperature increases. 
Donation and Transfer Pathways
When tetralin donates its first hydrogen atom and becomes a tetralyl, then there are two reaction routes that could happen: (1) tetralyl further donates its remaining hydrogen atoms to free radicals; or (2) tetralyl, as a new free radical, captures hydrogen atoms from other hydrogen-rich substances. These two reaction routes were studied using model radicals.
Comparatively, for the first route, the barriers of tetralyl donating a hydrogen atom to methyl and benzyl radicals were in the same order, C4 < C2 < C3, as shown in Figure 6 . If tetralyl donates the hydrogen atom C4-H or C2-H to free radicals, tetralyl would become a stable structure. However, if tetralyl donates the hydrogen atom C3-H to free radicals, tetralyl would become an unstable structure. Therefore, the reaction barrier of donating C3-H is the highest. Due to the steric hindrance, all the reaction barriers for the benzyl radical are higher than those for methyl. After donating the first hydrogen atom, C1-H, C4-H of tetralin has the highest possibility to be donated. 
Comparatively, for the first route, the barriers of tetralyl donating a hydrogen atom to methyl and benzyl radicals were in the same order, C 4 < C 2 < C 3 , as shown in Figure 6 . If tetralyl donates the hydrogen atom C 4 -H or C 2 -H to free radicals, tetralyl would become a stable structure. However, if tetralyl donates the hydrogen atom C 3 -H to free radicals, tetralyl would become an unstable structure. Therefore, the reaction barrier of donating C 3 -H is the highest. Due to the steric hindrance, all the reaction barriers for the benzyl radical are higher than those for methyl. After donating the first hydrogen atom, C 1 -H, C 4 -H of tetralin has the highest possibility to be donated. For the second route, two kinds of substances (tetralin and hydrogen) were selected as hydrogen-rich sources to study in this work. Comparatively, the barrier of tetralyl donating a hydrogen atom to benzyl and the barrier of tetralyl capturing a hydrogen atom from other hydrogen-rich sources are displayed in Figure 7 . It can be clearly seen that it was hard to capture a hydrogen atom from hydrogen gas (168.3 kJ/mol), however it was relatively easy to obtain a hydrogen atom from another tetralin kinetically (131.8 kJ/mol). The reaction barrier of tetralyl For the second route, two kinds of substances (tetralin and hydrogen) were selected as hydrogen-rich sources to study in this work. Comparatively, the barrier of tetralyl donating a hydrogen atom to benzyl and the barrier of tetralyl capturing a hydrogen atom from other hydrogen-rich sources are displayed in Figure 7 . It can be clearly seen that it was hard to capture a hydrogen atom from hydrogen gas (168.3 kJ/mol), however it was relatively easy to obtain a hydrogen atom from another tetralin kinetically (131.8 kJ/mol). The reaction barrier of tetralyl donating the C 4 -H was smaller than the reaction barrier of tetralyl capturing a hydrogen atom from H 2 (130.5 vs. 168.3 kJ/mol), while it was almost equal to the reaction barrier of tetralyl obtaining a hydrogen atom from another tetralin (130.5 vs. 131.8 kJ/mol). This suggests that tetralyl was prone to donate hydrogen atoms to radicals rather than transfer a hydrogen atom to radicals from hydrogen gas as a vehicle under DCL conditions.
Generally, this result contradicts the consensus of hydrogen gas being the main hydrogen atom resource of DCL other than the H-donor solvent. The reason for this contradiction may be the catalyst, which plays a very significant role in decomposing hydrogen gas in the DCL process. Hence, a preliminary study for tetralyl receiving a hydrogen atom from hydrogen gas with the aid of a catalyst should be performed in future. The sequence of donation of tetralin hydrogen atoms was C1-H > C4-H > C2-H > C3-H. Due to C1-H being equal to C4-H, C2-H which was equal to C3-H, the sequence of donation of tetralin hydrogen atoms also could be C4-H > C1-H > C3-H > C2-H. Table 3 shows the four reaction barriers of tetralin donating hydrogen atoms to radicals in sequence and the barriers of radicals obtaining hydrogen atoms from hydrogen gas without the aid of a catalyst. It suggests that it was relatively hard for benzyl to obtain the first hydrogen atom from tetralin, while it was relatively easy to obtain the second and the third hydrogen atoms from tetralin. The difference between two barriers donating the fourth hydrogen atoms of tetralin to methyl and benzyl was small. When tetralin donated two hydrogen atoms, it became 2,3-dihydronaphthalene. The reaction barriers of methyl that reacted with 2,3-dihydronaphthalene were much higher than those of benzyl, which reacted with 2,3-dihydronaphthalene (192.2 vs. 104.6 kJ/mol). While the reaction barriers of methyl reacted with H2, they were much lower than those of benzyl reacting with H2 (107.4 vs. 142.9 kJ/mol). Compared to the reaction of radicals that reacted with H2, methyl radicals could obtain two hydrogen atoms from tetralin at most, while benzyl radicals were prone to capture all four hydrogen atoms from tetralin. The majority of coal radicals were bigger than benzyl, which suggests that it is easier for coal radicals to capture hydrogen atoms from H-donor solvents than for coal radicals to obtain hydrogen atoms from hydrogen gas. The sequence of donation of tetralin hydrogen atoms was C 1 -H > C 4 -H > C 2 -H > C 3 -H. Due to C 1 -H being equal to C 4 -H, C 2 -H which was equal to C 3 -H, the sequence of donation of tetralin hydrogen atoms also could be C 4 -H > C 1 -H > C 3 -H > C 2 -H. Table 3 shows the four reaction barriers of tetralin donating hydrogen atoms to radicals in sequence and the barriers of radicals obtaining hydrogen atoms from hydrogen gas without the aid of a catalyst. It suggests that it was relatively hard for benzyl to obtain the first hydrogen atom from tetralin, while it was relatively easy to obtain the second and the third hydrogen atoms from tetralin. The difference between two barriers donating the fourth hydrogen atoms of tetralin to methyl and benzyl was small. When tetralin donated two hydrogen atoms, it became 2,3-dihydronaphthalene. The reaction barriers of methyl that reacted with 2,3-dihydronaphthalene were much higher than those of benzyl, which reacted with 2,3-dihydronaphthalene (192.2 vs. 104.6 kJ/mol). While the reaction barriers of methyl reacted with H 2 , they were much lower than those of benzyl reacting with H 2 (107.4 vs. 142.9 kJ/mol). Compared to the reaction of radicals that reacted with H 2 , methyl radicals could obtain two hydrogen atoms from tetralin at most, while benzyl radicals were prone to capture all four hydrogen atoms from tetralin. The majority of coal radicals were bigger than benzyl, which suggests that it is easier for coal radicals to capture hydrogen atoms from H-donor solvents than for coal radicals to obtain hydrogen atoms from hydrogen gas. 
Discussion
The present work studied hydrogen donation and transfer pathways by DFT theory using a model compound. In the DCL process, the concerted mechanism was the dominant hydrogen donation mechanism; however, the possibility of donating a hydrogen atom through the stepwise mechanism increased as the temperature increased. For tetralin, two α-H atoms (C 1 -H and C 4 -H) had the highest possibility to be donated first with the lowest reaction barrier. Tetralyl, a kind of radical, had difficulty capturing a hydrogen atom from hydrogen gas without the aid of a catalyst. The sequence of tetralin donating hydrogen atoms was C 1 -H > C 4 -H > C 2 -H > C 3 -H. Compared to the reaction of tetralin with methyl, it was harder for tetralin to donate its first hydrogen atom to benzyl radicals, while it was relatively easy for tetralin to donate its second and third hydrogen atoms to benzyls radicals. Therefore, it can be reasonably inferred that it is easier for coal radicals to capture hydrogen atoms from H-donor solvents than for coal radicals to obtain hydrogen atoms from hydrogen gas without the aid of a catalyst.
Materials and Methods
All calculations were performed using the Gaussian 09 program package (Gaussian 09, Revision, A. 02, Gaussian, Inc., Wallingford, CT, USA) [32] . The geometry of each compound and the radical structure were optimized using the DFT method with B3LYP/6-311 + G(d,p) basis set [33] [34] [35] . All Cartesian coordinates of the intervening species are given in the Supplementary Materials. Except for the stable structures without single electron spin, all other optimized structures were calculated using the unrestricted wave function. Frequency calculations were carried out to check whether each stationary was an intermediate (no negative frequency) or a transition state (exactly only one negative frequency, see Supplementary Materials). Furthermore, for some suspicious transition states, the intrinsic reaction coordinate (IRC) calculations [36] were performed for both forward and reverse directions to confirm that the optimized transition states correctly connected the relevant reactants and products. The barrier (Ea) and reaction energy (DG) were calculated according to Ea = E TS − E IS and DG = E FS − E IS , where E IS , E FS , and E TS are the sum of electronic and thermal free energies of the corresponding initial state (IS), final state (FS), and transition state (TS), respectively. Similarly, the bond dissociation energies (BDE) were calculated according to BDE = E FS − E IS , where E IS and E FS are also the free energies of the corresponding initial state (IS) and final state (FS), respectively.
In the calculations, the parameter of SCRF = (Solvent = Tetralin, PCM) was set for the liquid phase simulations, which represented the effect of the solvent, while the default value of SCRF was used in the gas phase simulations.
